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The ATP synthase is a highly conserved nano-machine which
regenerates ATP using the energy stored in a trans-membrane
electrochemical gradient. Using electron cryo-tomography (cryo-ET)
we determined the macromolecular structure and distribution of ATP
synthase in mitochondria from fungi, plants and vertebrates. We
found that the mitochondrial ATP synthase forms only one type of
dimer. The dimers are arranged in approximately straight rows along
the edges of lamellar cristae. Sub-tomogram averaging of the yeast
dimer at 3.7 nm resolution reveals a two-fold symmetric V-shape
structure, with an angle of 86° between monomers. The central and
peripheral stalks are well resolved. The dimer interface is located in
the membrane between the two peripheral stalks. By cryo-ET of yeast
knockout mutants, we show that subunits e, g, and the ﬁrst trans-
membrane helix of subunit 4 are essential for the formation of this
dimer. Without dimers, mitochondria lack the highly curved mem-
brane ridges, which are crucial for shaping lamellar cristae of wild
type mitochondria. By large-scale, coarse-grained molecular dynam-
ics simulations, we demonstrate that a single ATP synthase dimer
causes a local deformation of the lipid bilayer. This deformation is
partially relieved by the side-by-side association of several dimers. As
the distance between dimers in a row is variable, we conclude that
the assembly of ATP synthase dimer rows is driven by this reduction
in membrane elastic energy, rather than by direct protein contacts,
and that the dimer rows are an essential element of normal mito-
chondrial morphology.
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The FOF1-ATP-synthase of E. coli is composed of different structural
and functional entities that couple the translocation of protons across
the cytoplasmic membrane to the synthesis or hydrolysis of ATP. To
study the integration of subunit b into FOF1 during assembly, nearest-
neighbor analyses were performed using single-subunit knock-
out mutants GDH1 and GDH2, in which the synthesis of subunit a
or delta is prevented by insertion of an early stop codon into the
corresponding gene. In GDH1, the ATPase activity as well as the
amount of FOF1 subunits present in membrane vesicles is comparable
to wild type, whereas GDH2 showed an approximately sevenfold
reduction. Binding of b2 to its interacting subunits alpha, beta, and c
was completely impaired in GDH2, but remained intact in GDH1,
indicating that the b dimer has no association to the assembled FOF1
core complex in the absence of delta. Puriﬁcation of partially
assembled FOF1 by afﬁnity chromatography via His6-tagged subunit
beta demonstrated that the b2 is not assembled into the enzyme
complex in GDH2. Therefore, subunit delta functions as a brace
between the b dimer and the FOF1 core complex enabling a stable
assembly.
The preservation of the prefolded subcomplexes of GDH2 in a
stand-by mode ready for integration of subunit delta was studied by a
time-delayed in vivo assembly system. Two expression systems
(ParaBAD and T7lac) were combined, both exhibiting stringent induc-
tion/repression conditions. They thus function in opposition thereby
assuring that both systems do not interfere with each other.
Consequently, a de novo biosynthesis of FOF1 is prevented. In detail,
all structural atp genes except atpH were expressed under ParaBAD
control by induction with arabinose. Following synthesis of FOF1
subunits except delta during growth, expression was repressed by
glucose/D-fucose and the complete degradation of atp mRNA was
controlled by real-time RT-PCR. The time-delayed expression of atpH
was subsequently started in trans by addition of IPTG. Formation of
functionally assembled FOF1 was veriﬁed by DCCD-sensitive ATPase
activity and ATP-driven proton translocation clearly demonstrating
that the subcomplexes of FOF1-delta remain in a prefolded state ready
to integrate subunit delta into the enzyme complex. In summary,
subunit delta is absolutely necessary for a functional assembly of the
b dimer into FOF1, whereupon the individual subcomplexes formed
remain capable of being integrated.
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The protist parasite Trypanosoma brucei is one of the earliest
diverging eukaryotes and shows a number of unusual and fascinating
mitochondrial features, including a gigantic organellar DNA network
(the kinetoplast or kDNA), extensive-posttranscriptional mRNA
editing, and dramatic regulation of mitochondrial function. During
the mammalian bloodstream stage of the life cycle, ATP is exclusively
generated via glycolysis. We showed that the F1Fo-ATP synthase acts
in reverse to maintain the essential mitochondrial membrane
potential[1]. In T. brucei, ATP synthase subunit 6 (a), an FO subunit
critical for proton transport, is encoded by the kDNA genome, but
naturally occurring dyskinetoplastic subspecies, such as T. evansi, are
able to exist without kDNA. We show that a single amino acid
mutation in the T. evansi F1 γ subunit is sufﬁcient to allow viability in
the absence of kDNA, a situation reminiscent of petite-negative yeast
[2]. This implies that ATP synthase subunit 6 is the only mitochondrial
gene product normally required by bloodstream form T. brucei.
Surprisingly, in the presence of kDNA (and therefore FO) the mutation
makes the cells insensitive to oligomycin, suggestive of uncoupled
F1 and Fo moieties. In Saccharomyces, an uncoupled ATP synthase
generates a lethal proton leak and selects for deletion of the
mitochondrial genome (and thus FO) to close the leak, but in T. brucei
kDNA appears to be relatively stable in this situation. We currently
examine how these mutations affect the structure and function of the
T. brucei ATPase using native tandem afﬁnity puriﬁcation. Afﬁnity-
tagged ATPase subunits are being expressed ectopically in cells that
have had one γ allele replaced by a mutant version, and in cells with
kDNA deleted. High resolution clear-native electrophoresis will be
used to isolate and analyse the complexes from mitochondrial pre-
parations with integrity and activity intact. The kinetic properties of
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the mutated complex will be investigated to assess whether, as in
yeast, afﬁnity for ATP is lowered [3]. An RNAi strategy has also been
employed to assess which ATPase subunits become dispensable. Our
studies will provide insight into a fundamental problem in cell
biology: how can a membrane potential be maintained in the absence
of proton transport?
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Single-molecule (SM) studies showed that inhibition of bacterial
F1-ATPase by MgADP occurs at the catalytic dwell, with a transition to
an inactive or paused state that can slowly return to an active/
rotating state [1, 2]. Consistently, the structure of MgADP-inhibited
mitochondrial F1, stabilized by azide bound with MgADP at one
catalytic site [3], appears to be at a rotary position near the catalytic
dwell [4]. SM studies also indicated that inhibition of bacterial F1 by
the ε subunit occurs at the catalytic dwell. However, some concluded
that ε acts by extending the pause time of the MgADP-inhibited state
[2, 5], while a recent study concluded that inhibition by MgADP and
ε are separate processes [6]. Here, we use an optical assay (biolayer
interferometry) to monitor bulk-phase kinetics for binding and disso-
ciation of E. coli F1 (EF1) and ε, and correlate results with ε's inhib-
itory behavior. Experiments were done with intact ε and mutants in
which ε's C-terminal domain (CTD) is truncated or prevented from
adopting the extended, inhibitory state. We conclude that insertion of
ε's CTD into EF1's central cavity is a separate process that competes
with the transition to the MgADP-inhibited state. With ε bound to
EF1, dynamic exchange of the ε CTD in and out of the inhibitory state
is responsible for the observed residual activity of EF1 (b10%);
increased azide concentrations are then needed to drive EF1 from the
ε-inhibited state to the MgADP-inhibited state, in which the ε CTD
can not re-insert into the core of EF1. We propose that the transition
to the MgADP/azide-inhibited state involves limited subunit rotation
to a state in which closed α/β interfaces prohibit insertion of the ε
CTD. Conversely, inserting the ε CTD at the catalytic dwell induces a
30-40 rotation to the position indicated by the crystal structure of
ε-inhibited EF1 [7]; in this state, the MgADP-bound catalytic site is in
a half-closed conformation that is unlikely to shift to the MgADP-
inhibited state.
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The ATPase activity of H+-FOF1 ATP synthase is susceptible to so-
called MgADP inhibition. When MgADP without phosphate is bound
at a catalytic site, there is a probability that (instead of releasing
this MgADP and binding the next MgATP) the enzyme adopts a
special inactive conformation with MgADP trapped in a catalytic site.
This is a feature of ATP synthase catalytic core observed even in
alpha3beta3gamma-complex. Single-molecule experiments revealed
that MgADP inhibition results in complete stall of ATP-driven rotation
of subunit gamma that lasts for tens of seconds. It was also deter-
mined that rotation of subunit gamma (either because of thermal
ﬂuctuations or driven by external force) is necessary to re-activate
the enzyme.
MgADP inhibition is found in all ATP synthases studied so far.
However, the degree of inhibition varies considerably, being very
strong in chloroplast enzyme and some bacteria (including
thermophilic Bacillus PS3), but rather weak in FOF1 from Escherichia
coli.
The aim of our study was to clarify the molecular mechanism of
MgADP inhibition and to ﬁnd amino acid residues involved. As one of
the strategies, amino acid sequences of subunits alpha and beta were
compared for over 2000 organisms, and conservative residues that
are different in Bacillus PS3 (strong MgADP inhibition) and E.coli
(weak MgADP inhibition) were identiﬁed. One by one, these residues
were mutated in Bacillus PS3 ATP synthase and replaced by their
counterparts found in E. coli FOF1. Mutant betaQ259L had MgADP
inhibition greatly reduced. Besides high ATPase activity (for isolated
F1 at 45°C turnover was 16.6±0.9 ATP/s in the wild-type and 438±35
ATP/s in the mutant), the mutant was capable of ATP synthesis and
ATP-driven proton pumping. Azide sensitivity of the ATPase activity
was the same as in the wild type. LDAO activation was very weak in
the mutant (1.4-fold versus 22-fold in the wild-type), i.e. the
mutant behaved as if it was already activated by LDAO. Probable
mechanism of MgADP inhibition in view of the new data is being
discussed.
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